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Edited by Robert BaroukiAbstract Accumulating evidence suggests that hypoxia-induc-
ible factor-2 (HIF-2) is important for the cellular response to hy-
poxia. However, it is not clear how HIF-2 is regulated under
hypoxic conditions. We investigated kinetic changes in redox
status and HIF-2a accumulation in hypoxic SH-SY5Y cells.
Our results demonstrated that hypoxia caused a reducing envi-
ronment and increased HIF-2a protein levels. Experiments with
redox modulations (N-acetylcysteine and L-buthionine sulfoxim-
ine) conﬁrmed that a reducing environment induced HIF-2a
accumulation while an oxidizing environment decreased it. In
addition, experiments with SOD mimic, catalase, and exogenous
H2O2 provided evidence that the presence of H2O2 down-regu-
lated the amount of HIF-2a protein. This study oﬀers novel evi-
dence supporting redox status regulation of HIF-2a
accumulation under hypoxic conditions.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Oxygen deprivation is a central feature of cancer and ische-
mic diseases such as cerebral ischemia. It has been found that
hypoxia-inducible factors (HIFs) act as key regulators in cells
exposed to low oxygen. Each of the three members of the HIF
family is composed of an oxygen-regulated functional a-sub-
unit and a constitutively expressed b-subunit. In the last dec-
ade, HIF-1 has been a predominant target of many studies
in tumor as well as ischemic brain [1]. Recently, there is accu-
mulating evidence demonstrating a similar importance of HIF-
2 in protecting cells from hypoxic injuries. For example, HIF-
2a over-expression can activate several genes with particular
importance in cell survival pathways and of potential thera-
peutic value in stroke [2]. Other studies have proven that
HIF-2 plays a more important role in regulating erythropoietin
(EPO), a potential neuroprotectant, than HIF-1 in the brain
[3,4]. Moreover, it has been observed that HIF-2a accumula-
tion is more sensitive and stable than HIF-1a in hypoxia [5].Abbreviations: BSO, L-buthionine sulfoximine; h, hours; HIF-2,
hypoxia inducible factor 2; NAC, N-acetyl cysteine; ROS, reactive
oxygen species
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doi:10.1016/j.febslet.2008.10.031However, the molecular mechanism of HIF-2a regulation in
hypoxic cells is still not fully understood.
Many studies have indicated that an imbalance of redox sta-
tus is involved in hypoxic exposure [6]. Cellular redox status is
mainly determined by redox-regulated gene expression, levels
of antioxidants, and free radical generations. It has been dem-
onstrated that redox status can regulate HIF-1a protein level
under hypoxic conditions [7]. Structurally, HIF-2a and HIF-
1a are closely related, sharing 48% overall amino acid identity
and exhibiting a high degree of homology in their oxygen-
dependent-degradation domains [8]. Does redox status also af-
fect HIF-2a accumulation in brain cells exposed to hypoxia? In
fact, a few studies have shown that HIF-2a protein level can be
altered by reactive oxygen species (ROS) in nonneuronal cells
[9–11]. To clarify the relationship between cellular redox status
and HIF-2a protein level in brain cells under hypoxic condi-
tions will help understand molecular mechanisms of HIF-2a
regulation and further elucidate cellular self-protection mecha-
nisms in hypoxic-related neuropathological conditions such as
brain tumor and cerebral ischemia. We hypothesized that cel-
lular redox status might regulate HIF-2a protein level in brain
cells under hypoxic conditions. Experiments were carried out
to test this hypothesis in SH-SY5Y cells.2. Materials and methods
2.1. Materials
The following chemicals were purchased from Sigma (St. Louis,
MO): N-acetyl cysteine (NAC), L-buthionine sulfoximine (BSO), cata-
lase, H2O2, and mouse anti-b-actin antibody. MnTMPyP was from
A.G. Scientiﬁc (San Diego, CA). Glutathione assay kit was ordered
from Cayman Chemical (Ann Arbor, Michigan).
2.2. Cell culture and hypoxia treatments
SH-SY5Y cells were cultured in Dulbeccos modiﬁed Eagles med-
ium (DMEM) with 10% fetal bovine serum (FBS) and antibiotics (pen-
icillin–streptomycin 1:100) at 37 C in a humidiﬁed incubator gassed
with 95% air and 5% CO2. Medium was changed to DMEM without
FBS and without antibiotics at 80% conﬂuence. Cells were then incu-
bated at 37 C in a humidiﬁed hypoxia chamber (Coy laboratory prod-
ucts) with 1% O2, 5% CO2 and balance N2 for 0, 1, 4, or 12 hours (h).2.3. Antioxidant or oxidant treatments
NAC is a thiol-containing antioxidant that increases intracellular
glutathione synthesis and has commonly been used to induce a reduc-
ing environment [7]. BSO selectively inhibits GSH biosynthesis and is
often utilized to create an oxidizing environment [12]. NAC (0.5 mM)
was added to cells immediately before the onset of hypoxia. BSO
(0.3 mM) was added to cells 12 h before hypoxic treatments according
to a previous publication [7]. Catalase (500 units/ml) was used to scav-
enge H2O2. MnTMPyP, a SOD mimic to dismutate cellularblished by Elsevier B.V. All rights reserved.
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[13]. Catalase and MnTMPyP were added right before the onset of
hypoxic exposure.
2.4. Cell viability assay
Cell death was assessed by measuring lactate dehydrogenase (LDH)
released into the culture medium using a cytotoxicity assay kit (Takara
Bio, Shiga, Japan).
2.5. Redox status (GSH/GSSG ratio) assessment
Cells were washed twice with 2 ml ice-cold PBS and lysed with 1%
sulfosalicylic acid. The lysates were centrifuged at 12000 rpm for
15 min at 4 C. The supernatants were collected for analyses of GSH
and GSSG according to manufacturers instruction (Cayman Chemi-
cal).
2.6. Western blot
Western blotting was carried out according to a previous publication
[7] with rabbit anti-HIF-2a primary antibody from Novus Biologicals
(Littleton, CO). Protein bands were detected by horseradish peroxi-
dase-conjugated antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA) and visualized with enhanced chemiluminescence reagent (Ther-
mo scientiﬁc, Waltham, MA). Autoradiographic signals of immuno-
blot were quantiﬁed using NIH ImageJ software.
2.7. Statistical analysis
Data were presented as mean ± S.E. Statistical comparisons between
groups were made using one-way ANOVA. P < 0.05 was considered
statistically signiﬁcant.3. Results and discussion
We ﬁrst studied time-dependent accumulation of HIF-2a
protein in SH-SY5Y cells exposed to hypoxia to help under-
stand the mechanism of its regulation. Cells were exposed to
hypoxia (1% O2) for 0, 1, 4, or 12 h. As shown in Fig. 1,
HIF-2a protein levels increased in a time-dependent manner
during the 12 h exposure. Control cells (0 h hypoxia) had a
very low level of HIF-2a accumulation. HIF-2a was up-regu-Fig. 1. Time-dependent protein accumulation of HIF-2a under
hypoxic exposures. SH-SY5Y cells were exposed to hypoxia (1% O2)
for 0, 1, 4, and 12 h. HIF-2a accumulation was detected by western
blot and normalized by the level of b-actin. Data are shown as
means ± S.E., n = 3. #P < 0.05, compared to control (0 h).lated in the cells exposed to hypoxia for 4 h. Remarkable up-
regulation of HIF-2a was observed at 12 h. This result indi-
cates that HIF-2a protein is accumulated continuously during
the 12 h hypoxic exposure.
Next, we conducted parallel experiments to evaluate changes
of cellular redox status in the cells exposed to hypoxia for 12 h.
The GSH/GSSG ratio has been widely used to indicate cellular
redox status. A higher ratio indicates a more reducing environ-
ment [14]. As shown in Fig. 2, exposure to hypoxia dramati-
cally increased cellular GSH/GSSG ratio in the ﬁrst 4 h. The
ratio started to decrease at 4 h, but kept a higher ratio at
12 h than control cells. This observation is in agreement to pre-
vious reports that hypoxia induces more cellular reductants
and a more reducing environment (higher GSH/GSSG ratio)
in myocardium [15], rat brain [16], and primary neurons [7].
This result states that HIF-2a protein level increases in a
reducing environment in SH-SY5Y cells exposed to hypoxia.
The results in Figs. 1 and 2 show that the GSH/GSSG ratio
does not correlate with the HIF-2a accumulation after 4 h hyp-
oxic exposure. The GSH/GSSG ratio entered a decreasing
phase while HIF-2a accumulation kept increasing during the
period. It should be pointed out that although the GSH/GSSG
ratio at 12 h was lower than at 4 h, it was still signiﬁcantly high-
er than control cells. This indicates that the cells kept at a more
reducing environment during the 12 h hypoxic exposure. As the
cells were at a more reducing environment from the 4th h to the
12th h of hypoxic exposure, HIF-2a protein kept accumulation
during the period although GSH/GSSG ratio started decreas-
ing. This result is in line with the concept that a more reducing
environment increases HIF-2a accumulation under hypoxic
conditions. The mechanism of a decreasing GSH/GSSG ratio
after 4 h hypoxia is of interest and needs further investigation.
The above results established an association between a
reducing environment and HIF-2a accumulation in hypoxic
cells. To conﬁrm a causal relationship between HIF-2a and re-
dox environment, we modulated cellular redox status in oppos-
ing directions with NAC and BSO. The result demonstrates
that NAC induced a more reducing environment (higher
GSH/GSSG ratio) and higher HIF-2a protein level than con-
trol (hypoxic exposure only) after either 4 or 12 h exposure
(Fig. 3). This result conﬁrmed that a reducing environment fa-
vored HIF-1a stabilization. Meanwhile, Fig. 3 also shows thatFig. 2. Time-dependent redox changes induced by hypoxic exposures.
SH-SY5Y cells were exposed to 1% O2 for 0, 1, 4, and 12 h. Redox
status was estimated by GSH/GSSG ratio. Data are shown as
means ± S.E., n = 4. #P < 0.05, compared to control (0 h hypoxia).
Fig. 3. Eﬀects of redox modulations on HIF-2a accumulation. SH-
SY5Y cells were treated with 0.3 mM BSO (or 0.5 mM NAC) and 1%
O2 for 0, 1, 4, and 12 h. (A) Percentage increase of GSH/GSSG ratio
over basal value (0 h hypoxia). Data are shown as means ± S.E., n = 4.
*P < 0.05, compared to hypoxia group at the same time points. (B)
Western blot representatives of HIF-2a accumulation in cells treated
with NAC and BSO. Western blot for treatment of hypoxia only is
shown in Fig. 1. (C) Increase of HIF-2a accumulation detected by
western blot over basal value (0 h hypoxia). Data are shown as
means ± S.E., n = 3. *P < 0.05, compared to hypoxia group at the
same time points.
Table 1
Eﬀects of BSO and NAC on cell viability of SH-SY5Y cells exposed to
hypoxia. Cells were treated with 0.3 mM BSO or 0.5 mM NAC in 1%
O2 for 0, 1, 4, and 12 h. Percentage of cell death was assessed by LDH
release assay. Data are shown as means ± S.E., n = 4. No signiﬁcant
cell death was found between treatment groups at the same time
points.
Time (h) Hypoxia BSO NAC
0 0.11 ± 0.03 0.12 ± 0.05 0.14 ± 0.03
1 0.32 ± 0.09 0.34 ± 0.07 0.39 ± 0.09
4 0.54 ± 0.11 0.55 ± 0.09 0.54 ± 0.10
12 2.36 ± 0.26 2.28 ± 0.35 2.73 ± 0.52
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compared to hypoxic treatment only. These results were evi-
dent that a more reducing environment was responsible for
HIF-2a protein stabilization in hypoxic cells but not an oxidiz-
ing one.
The primary goal of this project was to elucidate the role of
redox status on HIF-2a accumulation under hypoxic condi-
tions, which is more relevant to pathological conditions such
as brain tumor and cerebral ischemia than normoxic condi-
tions. It is of interest to understand the relationship between
redox status and HIF-2a accumulation under normoxic condi-
tions. As shown in Fig. 1 (time 0 h), HIF-2a level in the cells
was very low under normoxic conditions. We also evaluated
the eﬀect of redox changes on HIF-2a accumulation undernormoxic conditions. Cells were treated with NAC and BSO
in the same approaches which were used in the hypoxic exper-
iments. HIF-2a accumulation was estimated by Western blot-
ting. Interestingly, we observed that HIF-2a accumulations
were very low in cells treated with either BSO (Fig. 3B, time
0 h) or NAC (data not shown), and there was no diﬀerence be-
tween control cells and treated cells. This indicates that the
mechanism of HIF-2a accumulation in normoxia may be dif-
ferent from that in hypoxia.
To clarify if cell death was involved in the eﬀects of NAC
and BSO on redox status and HIF-2a accumulation under
hypoxic exposure, we evaluated cytotoxicity induced by hy-
poxia, NAC, and BSO. We found that there were no signiﬁ-
cant diﬀerences in cell death between diﬀerent groups at the
same time points (Table 1). This result clariﬁed that cell death
was not involved in the eﬀects of NAC and BSO on the
changes of redox status and HIF-2a accumulation.
If a reducing environment induced HIF-2a accumulation,
antioxidants would increase HIF-2a accumulation as they gen-
erally reduce free radical levels and induce a reducing environ-
ment. We further investigated the eﬀect of antioxidants on
HIF-2a accumulation in hypoxic cells. The cells were treated
with MnTMPyP and catalase. MnTMPyP was used to dismu-
tate superoxide anion radical, the primary ROS in cells.
MnTMPyP readily permeates cell membranes and can eﬀec-
tively detoxify intracellular superoxide radical anion. Catalase
was used to quench H2O2, which can be generated from the
dismutation of superoxide anion radical [13,17]. Interestingly,
we observed that MnTMPyP decreased HIF-2a protein level
(Fig. 4). In contrast, catalase signiﬁcantly increased HIF-2a
accumulation. The seemingly contradictive result may be due
to the function of MnTMPyP, i.e. dismutation of superoxide
anion radical to H2O2. We further tested the eﬀect of exoge-
nous H2O2 on HIF-2a accumulation. Similar to MnTMpyP,
exogenous H2O2 signiﬁcantly decreased HIF-2a protein level
compared to hypoxia control. This result strongly supports
that H2O2 suppresses HIF-2a accumulation, which is in line
with the concept that a reducing environment induces HIF-
2a accumulation.
Currently there is extensive research on oxygen sensing and
HIF expression in hypoxic cells [18,19]. ROS has been sug-
gested to play a role in the regulation of HIF expression in
hypoxic cells. However, there are inconsistent observations
about ROSs role in HIF-2a regulation. On one hand, ROS
have been observed to up-regulate HIF-2a in murine embry-
onic cells [9], Hep3B cells [10], and human renal proximal
tubular cells [11]. On the other hand, Brown and Nurse have
recently challenged the concept that ROS increase HIF-2a pro-
tein expression. Their results show that ROS do not mediate
Fig. 4. Eﬀects of antioxidants and H2O2 on HIF-2a accumulation in
hypoxic SH-SY5Y cells. Cells were exposed to 1% O2 for 4 h with
catalase (500 units/ml), MnTmPyP (5 lM) or H2O2 (100 lM). HIF-2a
accumulation was detected by western blot and normalized based on b-
actin levels. Data are shown as means ± S.E., n = 3. #P < 0.05,
compared to control (0 h hypoxia); *P < 0.05, compared to 4 h
hypoxia (Con: control, Hypo: hypoxia, Cat: catalase, MnT:
MnTMPyP).
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[20]. The conﬂicting results may result from diﬀerent cell spe-
cies. However, there may be other factors that determine the
HIF-2a accumulation in hypoxic conditions. Our observation
provides a novel mechanism for HIF-2a accumulation in hyp-
oxic conditions (i.e. a reducing environment induces HIF-2a
accumulation). The result is in consistency with previous ﬁnd-
ings that a reducing environment induces EPO [21,22], which is
primarily regulated by HIF-2. The mechanism of stabilization
of HIF-2a in a reducing environment is a critical issue which
needs to be addressed in future studies.
In summary, our present study oﬀers novel evidence sup-
porting that redox status regulates HIF-2a accumulation un-
der hypoxic conditions. These evidences should be helpful to
understand the self-protection mechanism of brain cells during
pathological conditions such as brain tumor and cerebral
ischemia.
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